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Charged-stabilized colloidal spheres dispersed in deionized water are supposed to repel each other.
Instead, artifact-corrected video microscopy measurements reveal an anomalous long-ranged like-
charge attraction in the interparticle pair potential when the spheres are confined to a layer by
even a single charged glass surface. These attractions can be masked by electrostatic repulsions
at low ionic strengths. Coating the bounding surfaces with a conducting gold layer suppresses the
attraction. These observations suggest a possible mechanism for confinement-induced attractions.
Charge-stabilized colloidal spheres carrying the same
sign charge and dispersed in deionized water are pre-
dicted to repel each other by the mean-field theory of
macroionic interactions. This reasonable prediction has
been repeatedly challenged by experimental observations
that have been interpreted as evidence for like-charge
colloidal attractions. Several methods have been intro-
duced for probing these interactions directly, the most
sensitive of which are based on digital video microscopy
measurements of individual spheres’ trajectories. When
applied to dispersions of highly charged micrometer-scale
spheres in deionized water, these techniques have indeed
revealed anomalous long-ranged like-charge attractions
in the effective pair potential [1, 2, 3, 4], but only when
the spheres are rigidly confined to thin layers by charged
glass surfaces [2, 4, 5]. Isolated pairs of spheres, by con-
trast, are found to repel each other in excellent agreement
with standard theoretical predictions [2, 6, 7].
These observations have proved controversial, both be-
cause the effect has resisted explanation, and also be-
cause a host of experimental artifacts might have mim-
icked attractions in the published measurements. In the
first place, like-charged colloidal attractions are inconsis-
tent with the Poisson-Boltzmann mean-field theory for
macroionic interactions [8, 9, 10, 11]. The observed at-
tractions are too strong and long-ranged to be accounted
for by van der Waals interactions [1, 12]. Efforts to ex-
plain the observations on the basis of other non-mean-
field mechanisms have proved inconclusive or unsuccess-
ful [13]. Simulations on smaller, simpler systems also
have failed to reproduce the experimental observations.
Given the effect’s apparent subtlety and the challenge
it poses to basic notions in the field, ruling out experi-
mental artifacts takes on particular importance. The in-
troduction of thermodynamically self-consistent analyti-
cal tools [4, 14, 15] ensures that colloidal pair potentials
extracted from trajectory data are free from such spu-
rious effects as nonequilibrium kinematic coupling [16]
and uncorrected many-body correlations [17]. These
tests, however, cannot account for systematic errors in
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FIG. 1: Measured pair potentials u(r) for σ = 1.58 µm diam-
eter silica spheres near a single wall (H ≃ 200 µm). (a) Glass
surface with κ−1 = 180±10 nm (squares), showing monotonic
repulsion, and κ−1 ≈ 60 nm (circles), displaying long-ranged
attraction. Inset: schematic of the geometry. The solid curve
is a fit to Eq. 4 with Z = 6500± 1000. (b) Single gold-coated
surface (diamonds) with κ−1 ≈ 100 nm. Potentials obtained
with the HNC closure are plotted. Those obtained with the
PY closure are indistinguishable. Dashed curves are uncor-
rected results. Correcting for imaging artifacts removes an
apparent minimum in (b), but not in (a). The corrected pair
potential also is purely repulsive for a thin cell (H = 15 µm)
with two gold-coated surfaces (triangles).
the trajectory data themselves. Imaging artifacts that
displace colloidal spheres’ apparent centroids in digital
microscopy images [18, 19] recently have been shown to
mimic anomalous attractions at least under some circum-
stances [18]. Their discovery has therefore cast doubt on
all previous reports of like-charge colloidal attractions.
This Letter presents experimental evidence for
2anomalous confinement-induced like-charge colloidal
attractions obtained with thermodynamically self-
consistent distortion-corrected video microscopy mea-
surements. Having confirmed the appearance of anoma-
lous confinement-induced like-charge attractions under
conditions comparable to those described previously, we
further explore the role of surface properties in modifying
colloidal electrostatic interactions. Previous studies have
focused on the influence of pairs of closely spaced charged
glass surfaces on the interactions between micrometer-
scale spheres composed of polystyrene sulfate [1, 2, 3, 4],
silica [4, 14, 15] and polymethyl methacrylate (PMMA)
[20] dispersed in clean water. One exception is a study of
PMMA spheres confined by neutral elastomer surfaces,
in which the appearance of long-ranged attractions was
ascribed to capillary forces [21]. We demonstrate that at-
tractions between colloidal silica spheres in equilibrium
can be induced even by a single charged glass wall, but
are not by gold-coated surfaces under otherwise identical
experimental conditions. These results are summarized
in Fig. 1.
Our samples consist of uniform silica spheres σ =
1.58 ± 0.06 µm in diameter (Duke Scientific Lot 24169)
dispersed in deionized water and loaded into hermetically
sealed sample volumes formed by bonding the edges of
glass #1.5 coverslips to the surfaces of glass microscope
slides separated by H = 200 µm. Access to the sam-
ple volume is provided by glass tubes bonded to holes
drilled through the slides. Filling the tubes with mixed
bed ion exchange resin maintains the ionic strength below
5 µM, corresponding to a Debye-Hu¨ckel screening length
of κ−1 ≈ 200 nm. Removing the ion exchange resin and
allowing the dispersions to equilibrate with air reduces
the screening length to κ−1 ≈ 60 nm. To investigate
the influence of the bounding surfaces’ properties on con-
fined colloids’ interactions, we coated the inner surfaces
of some volumes with 10 nm gold films on 10 nm tita-
nium wetting layers before assembly. These metallic films
have a resistivity of 50 Ω/ and are optically transpar-
ent. Sealed samples were mounted on the stage of a Zeiss
Axiovert 100 STV microscope where they were allowed to
equilibrate at room temperatures (T = 297± 1 K). The
dense silica spheres rapidly sediment into a monolayer
with their centers about 0.9 µm above the lower wall and
with out-of-plane fluctuations smaller than 300 nm [4, 5].
The more distant wall is far enough from the sedimented
spheres at the upper end of this range that we ascribe
any anomalous effects to confinement by a single wall.
The bright-field imaging system provides a magnifica-
tion of 212 nm/pixel on a Hitachi TI-11A monochrome
charge coupled device (CCD) camera. The resulting
video stream is recorded and digitized into 10 deinter-
laced video fields per second, each of which is analyzed
[22] to recover the single spheres’ centroids, typically
identified to within 1/10 pixel.
Indivdual spheres’ images extend beyond their bright
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FIG. 2: Measurement of the imaging artifact due to overlap of
single-sphere light scattering patterns. Circles represent data
obtained with holographic optical tweezer measurements and
squares with computer-generated composite images.
centers with alternating dark and bright diffraction
fringes, which are far-field projections of the micrometer-
scale particles’ light scattering patterns [23, 24]. When
two particles are close enough for their visible scat-
tering patterns to overlap, the distortions induced in
their individual images cause systematic deviations in
the spheres’ measured separations [18]. These non-
monotonic separation-dependent deviations can affect
the qualitative form of the inter-particle pair potential es-
timated from measured particle positions, in some cases
creating the appearance of long-ranged attractions when
none exist [18]. Fortunately, this effect can be measured,
and the measurements used to correct the derived results
[18].
Figure 2 shows two complementary approaches for
measuring this imaging artifact, one of which can be ap-
plied a posteriori to archival data. In the first, holo-
graphic optical tweezers [25, 26] are used to trap three
colloidal spheres in a line. One sphere is held far enough
from the other two to avoid any distortions, and is used
as a reference. The two other traps are set at a fixed sep-
aration and filled with particles, first one at a time, and
then together. The apparent positions, r1 and r2, of these
spheres relative to the reference particle are measured
[22] both with and without the neighbor. The difference
between the spheres’ true separation, r = r2−r1 ,and the
apparent separation when both traps are filled is a mea-
surement of the distortion ∆r, which is plotted as a func-
tion of true separation in Fig. 2. As previously reported
[18], these deviations substantially exceed the quoted er-
ror bound for single-particle tracking [22] at separations
relevant for colloidal interaction measurements.
The optical trapping method must be performed in
situ and thus cannot be applied to the data in previ-
ously published studies [1, 2, 3, 4, 14, 15]. Equivalent
results can be obtained by analyzing images of single
3isolated spheres, and so can be applied after the fact.
Digitally translating a copy of such an image and super-
imposing it on the original yields a composite image of
known separation, equivalent to the incoherent superpo-
sition of two single-particle scattered fields. Examples
are shown in the second inset to Fig. 2. The apparent
separation in each composite can be measured as before,
and the difference between this and the known separation
is a measurement of the separation-dependent deviation.
As shown in Fig. 2, the results agree well for the spheres
in our studies. The successful comparison with the di-
rect optical tweezer measurement confirms this method’s
accuracy, and it is used in the following measurements.
We estimate a confined dispersion’s effective pair po-
tential by amassing data on equilibrium pair separations
over periods of roughly one hour [5], with temperature
fluctuations maintained below ±1◦C. Time-resolved par-
ticle distribution data then are distilled into the radial
distribution function,
g(r) =
1
n2
〈ρ(r′ + r, t) ρ(r, t)〉 (1)
where n = N/A is the areal density of N = 〈N(t)〉
particles in the field of view of area A, ρ(r, t) is the in-
stantaneous particle distribution at time t, and the av-
erages are over angles and time. To assess the influ-
ence of separation-dependent imaging artifacts we an-
alyzed both g(r) and the result obtained by approxi-
mately correcting for systematic separation distortions,
g˜(r) = g(r + ∆r) (1 + d
dr
∆r). Our samples are dilute
enough that higher-order many-body distortions have a
negligibly small effect.
Estimates for the effective pair potential can be ex-
tracted from g(r) and g˜(r) in either the hypernetted-
chain (HNC) or Percus-Yevick (PY) approximations as
[5, 27]
βu(r) = − ln g(r) +
{
n I(r) (HNC)
ln(1 + n I(r)) (PY)
(2)
where β−1 = kBT is the thermal energy scale, and where
the convolution integral
I(r) =
∫
A
[g(r′)− 1− nI(r′)] [g(|r′ − r|)− 1] d2r′ (3)
is solved iteratively, starting with I(r) = 0. The results
then can be tested for thermodynamic self-consistency
using previously reported methods [14, 15].
Typical results for silica spheres near glass and gold-
coated surfaces are plotted in Fig. 1(a) and (b) respec-
tively. Uncorrected data are plotted as dashed curves in
Fig. 1, and corrected results as discrete points.
Imaging artifacts have little influence on the data in
Fig. 1(a). Colloidal silica spheres hovering over a sin-
gle charged glass surface at low ionic strength repel each
other, in agreement with previously reported measure-
ments [4, 5, 14]. The purely monotonic pair potentials
obtained under these conditions also agree with predic-
tions of mean-field theory [28],
βu(r) = Z∗2 λB
exp(−κr)
r
, (4)
where Z∗ = Z exp(κσ/2)/(1 + κσ/2), is the spheres’ ef-
fective charge number, where the Bjerrum length, λB =
βe2/(4πǫ0ǫ) = 0.717 nm, sets thermal range for elec-
trostatic interactions in a medium of dielectric constant
ǫ, and where the Debye-Hu¨ckel screening length κ−1
sets the range over which electrostatic interactions are
screened by the concentration c of (monovalent) ions.
The fit charge number Z = 6500±1000 is consistent with
previous measurements on similar spheres [5], even after
correcting for imaging artifacts. The fit screening length
κ−1 = 180 ± 10 nm corresponds to c = κ2/(4πλB) =
5.7 µM.
Qualitatively different results are obtained when the
ionic strength is allowed to increase to roughly 50 µM
(Fig. 1(a, circles)). Under these circumstances, the mea-
sured pair potential has a minimum 0.2 kBT deep at a
center-to-center separation of 2.7 µm (1.7 σ), even after
correcting for imaging artifacts. Unlike previous reports
of attractions induced by pairs of closely spaced glass
walls [1, 2, 3, 4, 14], the data in Fig. 1(a) suggest that
even a single surface suffices to induce a long-ranged at-
traction between nearby pairs of spheres. This is qualita-
tively consistent with the observation that the repulsion
between a pair of charged colloidal spheres is diminished
by introducing a third sphere into their vicinity [29], with
the charged wall in our experiment playing the role of the
third sphere.
Reanalyzing data from Refs. [4] and [14] with the
a posteriori correction method also confirms the pres-
ence of anomalous attractions in more tightly confined
charge-stabilized dispersions. Furthermore, the increas-
ing prominence of the attractive component of the in-
teraction with decreasing wall separation [4] appears to
have been correctly interpreted as intrinsic properties of
the inter-particle pair potential. The attraction’s appar-
ent dependence on ionic strength also recalls a similar
trend observed in the earliest report of the effect [1].
Imaging artifacts play a more striking role for the data
in Fig. 1(b, diamonds). In this case, an apparent min-
imum in the uncorrected pair potential disappears en-
tirely after accounting for overlapping images. The ab-
sence of an attraction is noteworthy because the data in
Figs. 1(a,circles) and (b,diamonds) were obtained under
comparable conditions of ionic strength, the only differ-
ence being the gold coating on the bounding surface in
(b). A comparable result is obtained for a thin sam-
ple (H = 15 µm) where both surfaces are gold-coated
(Fig. 1(b,triangles)). Reducing the inter-wall separation
in bare glass cells generally has been found to strengthen
4wall-induced attractions [2, 4]. These observations there-
fore suggest that nominally uncharged gold surfaces do
not induce anomalous attractions under conditions for
which charged glass surfaces do.
Confirming the importance of surface charge in
confinement-induced attractions helps to narrow the pos-
sible explanations for the effect. A growing body of calcu-
lations show that large, highly charged colloidal spheres
can induce non-monotonic correlations in the distribution
of simple ions, not captured by mean-field theory, even in
1:1 electrolytes [30, 31, 32], and that these can mediate
effective inter-particle attractions. Related calculations
suggesting that bounding charged walls also induce such
correlations between pairs of spheres [33, 34] have proved
controversial [10, 35, 36], although they appear to be con-
sistent with numerical simulations [37]. These excess cor-
relations correspond to departures from local electroneu-
trality in the electrolyte surrounding the macroions. Un-
der some conditions, they tend to inject extra counterions
between pairs of spheres, thereby inducing an effective at-
traction. Modeling this diffuse space charge as a point
charge, q, at the midpoint between the spheres’ centers
suggests an effective pair potential [38]
βu(r) = Z∗λB
(
Z∗
exp(−κr)
r
+ 4q
exp(−κr/2)
r
)
, (5)
which agrees well with measured results, such as those in
Fig. 1. The solid curves in Fig. 1(a) are both consistent
with q = 10 ± 5. Those in Fig. 1(b) are consistent with
q = 0. In the latter case, the nominally uncharged walls
would have no excess counterions to contribute.
This semi-heuristic space charge model demonstrates
that correlation-induced attractions beyond the mean-
field approximation can be masked by long-ranged elec-
trostatic repulsions in systems at very low ionic strength.
Less efficient deionization at small wall separation might
then explain why wall-induced attractions have been ob-
served [4] for wall spacings as large as H = 30 µm, but
not previously for H & 200 µm [4, 5].
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